The Camaquã Copper Mines (CCM) were the main sulphide deposit in Southern Brazil and have been in operation from last century to 1996. To evaluate water contamination and environmental risk increase by heavy metals from mining operations, two points on the João Dias Creek were sampled (Station 1, background area and Station 2, contaminated area). Mining activity increased the natural weakly heavy metal fluxes by approximately 5424 kg. (∼ 60%) of the total metal flux, 1542 kg. (∼ 49%) of dissolved and 3881 kg (∼ 66%) of particulate metal flux. Total metal flux of anthropic origin was mostly due to Fe followed by Cu > Zn > Mn whereas Cd, As and Pb fluxes were negligible. The potential human health hazards and risk assessment related to daily intake of water from João Dias Creek are mostly due to Mn and should be of concern for the contaminated area. The ingestion of water from station 2 represents incremental risks of 130% and 59% respectively, considering the non-carcinogenic and the carcinogenic effects. The real increase of human health hazards may be greater than those related to the total concentrations since Mn and As dissolved concentrations were 5.5 and 2.0 higher than acceptable, respectively.
INTRODUCTION
Recent research carried out in some rivers of the Rio Grande do Sul, the southermost brazilian state, showed significant loads of heavy metals transported by their waters (Baisch 1994 , Travassos and Bidone 1995 , Hatje et al. 1998 . Large amounts of heavy metals were found to be related to mining activities (Baisch 1994 , Laybauer 1995 , 1998 , Laybauer and Bidone 1998a , 1998b in areas whose geol-ogy includes sulphide mineralisation, like the Camaquã Copper Mines (CCM), the area upon which this study is focused. Because sulphides are easily oxydised and dissolved in surface and groundwater environments and the exposure of these minerals to atmospheric oxygen results in one of the most acid producing of all known weathering reactions (Förstner and Wittmann 1981, Drever 1982) , there is a feedback or autocatalytic effect whereby the acidification process contributes to further ore dissolution and increases the metal concentration in fluvial waters. Given the potential risk to human and ecosystem health associated with heavy metal toxicity, special attention must be payed to sulphide mining facilities and the manifestations of their operation in water courses which drain them. These latter are the principal vectors which transfer potential contaminants to adjacent areas as well as to the trophic chain.
In order to evaluate potential risk associated with heavy metal contamination arising from mining activities, of fluvial waters in the CCM area, three aspects are emphasised in this study. Firstly, given that the rock types in the CCM drainage basin and the soils originated from them, release significant amount of heavy metals into the river, the anthropogenic (from CCM mining facilities) and natural inputs of heavy metals are mixed all along the fluvial waters. Therefore, given that the anthropogenic component of the metal concentrations could be masked by natural sources, special attention should be given to the separation of natural and anthropogenic heavy metal contents. Secondly, possible changes, due to mining activities, in the availability of metals in solid phases, sediment and suspended solids, should be identified and quantified. Even though quality criteria in the legislation refer to total metal concentrations in water, the dissolved fraction is certainly more easily available to biota than that associated with suspended particles and it is thus advisable to analyse the two fractions separately. Thirdly, the increment in risk potential which can be imputed to mining activities, compared to the risk potential which occurs naturally, should be quantified, by comparison between the rivers influenced by mining activities and others in a non-impacted control area within the general study area.
The CCM area is very favourable for a case study using the proposed approach because the only anthropic activity which exists in the area is mining.
STUDY AREA
The study area lies between longitudes 52 • 20 and 52 • 30 W and latitudes 30 • 50 and 31 • 00 S, and it is situated about 300 km west of Porto Alegre, capital of the State of Rio Grande do Sul, Southern Brazil. This region has a mesothermic temperate climate with 1450 mm mean annual precipitation and a mean temperature around 18 • C (Laybauer 1995) .
The CCM are presently being closed down but were the main copper mines of southern Brazil and have operated since the last century. The watershed where the mining operations took place has an area of approximately 310 km 2 . The main drainage of this basin is the João Dias Creek, which flows into the upper course of the Camaquã river. The Camaquã river is an important tributary to the Patos Lagoon, a very important Brazilian coastal lagoon system. The CCM mined a sedimentary sequence of Neoproterozoic age, formed mainly by conglomerates, sandstones and siltites, with only minor andesites. The copper ore occurs as sulphide veins and disseminated mineralization, mostly in conglomerates and sandstones of Neoproterozoic-Cambrian age (Laybauer 1995, Laybauer and Bidone 1998a) . Mining was carried out using both underground and open pit operations. During the nineteen eighties, until the beginning of the nineties, when the present study was undertaken, the main mining operation was developed as an open pit. The principal environmental control device used was a tailings dam that received mine rejects and effluents with a large amount of suspended solids, including fine grains, from the ore dressing (crushing, milling and flotation), partially associated with waters arising from others mining operations (water pumping from underground and open pit mine) and with the leaching of stock and tailing piles. However, despite the existence of this tailings dam, a large part of these rejects and effluents were dumped directly into João Dias Creek (Laybauer 1995 , Laybauer and Bidone 1998a , 1998b .
MATERIALS AND METHODS
As a general rule, it is advisable to start the environmental risk assessment with the "worst case" study. Extreme exposure patterns should be considered, with reference to the population sub-group at the highest exposure risk; conservative hypotheses may be assumed, and temporal peaks of pollution may also be used for assessment (Zapponi 1988) . Virtually all environmental laws may be said to rest upon a single, generally unstated concept: negative default. By this it is meant that for any given environmental risk, we must assume the worst situation for the estimation of possible effects, so that we can assume that no effects worse than these can occur (Wilson 1991) .
Water sampling was carried out during one week in december 93, a month characterized by low river water level in the region, and consequentely a period of low water dilution capacity. Two points on the João Dias Creek were sampled in this study. Station 1 represents the upstream control area or the natural background, and station 2 is situated downstream from the region of mining activities, close to the mouth of João Dias Creek basin.
Water samples were collected in 1 litre polyethylene bottles and 250 mL of these samples were filtered through 0, 45µm membranes to separate the dissolved elements, this procedure being the standard operationally defined classification, rather than a scientifically based absolute separation (Hall et al. 1996) . Both non-filtered and filtered water samples were preserved with HNO 3 1:1 and kept at 4 • C in polyethylene bottles until analysis. Sampling bottles, the filtration equipment and other glass and polyethylene wares were leached in a nitric acid bath and rinsed thoroughly with double-distilled deionised water prior to use (APHA 1985) . Analyses of metals were carried out by FAAS (Cu, Zn, Mn and Fe), GFAAS (Pb, Cd and Al) and HGAAS (As) using a Perkin Elmer Model 2380 Atomic Absorption Spectrophotometer with HGA 400 Graphite Furnace, AS 40 Autosampler and MHS-10 hydride generation system (Laybauer 1995) . Procedural blanks were measured in all determinations.
The concentrations of heavy metals bound to particulate material were obtained by subtracting the element concentrations measured in filtered samples from the total concentrations in non-filtered water samples.
In order to separate natural heavy metals originating from weathering of rocks and soils from those related to mining activities, we have employed the methodological approach originally proposed by Bidone in 1992 and subsequently tested in various case studies (Travassos and Bidone 1995 , Laybauer 1995 , Hatje et al. 1998 , Laybauer and Bidone 1998a .
The estimated health hazard associated with human exposure to heavy metals in a miningimpacted site can be compared with that from a background site by employing potential human health hazard assessment at a screening level (USEPA 1989) . Although this assessment may be simplistic, it permits easy comparison between populations under different levels of exposure to a given pollutant or to different pollutants. Overall, this method allows the evaluation of differences between contaminated and background areas, so that the toxicological -rather than simply statistical -significance of the contamination can be ascertained. A screening approach aims to identify potentially important factors rapidly, pollutants or phenomena of the contaminated situation, to enable the elimination of those of lesser significance (IAEA 1990) .
Two different approaches are used in the USEPA health risk assessment process, in order to characterize potential noncarcinogenic effects and potential carcinogenic effects (USEPA 1989) . For noncarcinogenic substances, a Hazard Quotient (HQ) approach is used, which assumes that there is a level of exposure (i.e., RfD = Reference Dose) below which it is unlikely that even sensitive populations will experience adverse health effects. HQ is defined as the ratio of a single substance exposure level (E) to a reference of dose (HQ = E.RfD -1 ). When HQ exceeds unity, there may be concern for potential health effects caused by human non-carninogenic substances. The Hazard Index (HI) is equal to the sum of more than one hazard quotient for multiple substances and/or multiple exposure pathways. As with the HQ, when the HI exceeds the unity, there may be concern for potencial health effects. It is belived that for carcinogenic substances there is essentially no level of exposure that does not pose a finite probability, however small, of generating a carcinogenic response. It assumes that a small number of molecular events can evoke changes in a single cell that can lead to uncontrolled cellular proliferation and eventually to a clinical state of disease. That is, no dose is thought to be risk-free. For these substances, there is a two part evaluation in which the substance is first assigned a weight-of-evidence classification and then a slope factor is calculated. The weight-of-evidence classification is representative of the likehood that the agent is a human carcinogen and it ranged from classes A to E. The slope factors are calculated only for highest potential carcinogens, which are designated to class "A" , known human carcinogens and "B1" and "B2", probable human carcinogens. The slope factor (SF) is a toxicity value that defines quantitatively the relationship between dose and response. To characterize potential carcinogenic effects, probabilities that an individual will develop cancer over a lifetime of exposure are estimated from projected intakes and slope factor. Potential noncarcinogenic effects of carcinogenic substances were evaluated in this study where appropriate RfDs are available. In this study, a single exposure pathway was considered, the ingestion of contaminated water. The estimated exposure level (E) was obtained by multiplication of mean heavy metals concentrations in the unfiltered samples (as determined by Brazilian environmental legislation, which follows USEPA norms) by the adult human ingestion rate (2L.d -1 ) and divided by 70 kg, considered as the human adult average weight. Table I shows the basic experimentally obtained data used in this study. Various distinct modifications in metal behaviour can be observed in Table I , between the control area (Station 1) and the mining impacted area (Station 2): (i) Cu, Zn and Fe total, dissolved and particulate concentrations all increased (T, D and P) but the percentage of these metals in dissolved form (%D) decreased. (ii) Concentrations of As and Mn in all forms similarly increased but the fraction in dissolved form also increased. (iii) Cd was the unique element that showed reduction in total, dissolved and particulate concentrations. (iv) Compared with the other metals, Pb and Al total concentrations showed no appreciable change and, for this reason, aluminium was chosen as an indicator for material of natural origin.
RESULTS AND DISCUSSION
Data for contaminant concentrations and physical forms in water are given in Table I but the influence of mining operations and these effects on the partitioning among phases can be shown more clearly by evaluating the fluxes, using the procedure defined below, which allows the separation of natural and anthropic components.
This approach is based on the mass balance of heavy metal fluxes between river segments, considering both the natural and anthropogenic components, using a natural tracer (Travassos and Bidone 1995 , Laybauer 1995 , Hatje et al. 1998 , Laybauer and Bidone 1998a . This approach is synthesized in the following equation:
where: AC = the anthropogenic component of the total metal flux increase in the river segment, MeO = the outflux of the metal from the river segment considered, MeI = the influx of the metal into the river segment considered, MeO -MeI = the total metal flux increase (i.e., total metal balance) in the river segment, EiO = the natural tracer outflux from the river segment considered, EiI = the natural tracer influx into the river segment considered, EiO -EiI = the total tracer flux increase (i.e., total tracer balance) in the river segment, MeOB = the metal outflow from the natural background river segment, EiOB = the natural tracer outflux from the natural background river segment.
The member of the equation [(EiO − EiI) × (MeOB.EiOB −1 )] corresponds to the natural component of the total metal flux increase in the river segment considered.
The mass balance calculations were performed considering steady state conditions.
The terms "metal influx" and "metal outflux" (in kg.week -1 in this study) were estimated by multiplying metal concentrations for three different forms (i.e., total metal or unfiltered water = particulate + dissolved; dissolved fraction and the fraction bounded to suspended particulate material), by the river water flow (Q) at the corresponding sampling stations. This research used Al as the natural tracer, because this element is always present in the same abundance in the fluvial waters throughout the basin, with small standard deviation, and because the concentrations of this element are homogeneously distributed in all samples from the rocks, soils and uncontaminated sediments from João Dias Creek basin. Laybauer (1995) and Laybauer and Bidone (1998a) have used Pb for the same purpose in other evaluations carried out in this area.
The mass balances of metal fluxes in the João Dias Creek are presented in Table II. There are large anthropic components in the metal flux increases, both in particulate and dissolved forms, which occur between the control station 1 and station 2: 5424 kg.week -1 , or about 60%
of total metal flux (T), 1542 kg.week -1 or about 49% of dissolved metal flux and 3881 kg.week -1 or about 66% of particulate metal flux. The percentage of the total anthropic metal flux (%Me Anthrop., Table II ) related to the metals considered in this study shows: Fe has the greatest increase, followed by Cu > Zn > Mn. Anthropic increases of Cd, As and Pb are generally lower than the natural flux increases of these metals, being practically negligible (< 1%, of total fluxes). The anthropogenic component increase in the total flux of metals in the João Dias Creek, nearly 5.4 ton.week -1 , is large in both environmental and economic terms. For example, for copper alone, the operational losses accounted for as total anthropogenic increase in creek load are 478 kg.week -1 , nearly a ton of copper every two weeks, without considering material retained in the tailing dam. It is worth considering whether the fluxes in Table II are under-or overestimated by the normalization method employed for their calculation. Aluminium is used as a measure of natural sources of the metals. Given the constancy of the model of natural sources, e.g. the leaching of soils, aluminium concentrations (T, D and P) should ideally be the same at all sampling stations along the river. Table II would be overestimated by 1% (Zn); 10% (Cu); 11% (Mn); 22% (Fe); 26% (As); 61% (Pb) and 92% (Cd). In addition to the above observations, the data in Table II can be seen from the point of view of environmental management of heavy metal contamination in the area, in terms of (the more usually employed) metal concentrations.
Given that the concentrations and fluxes of metals at station 1 are of natural origin and the evaluation method proposed here essentially assumes steady state, i.e. the increase factor in flow rate between stations 1 and 2 is constant, the fluxes are necessarily directly (linearly) proportional to concentrations, so that the inverse of this is also true and the concentrations must also have two separately determinable components, natural and anthropic. These can be used to evaluate the incremental risk to the environment atributable to heavy metals originating from mining operations.
This approach can be expressed as follows: let AC = anthropogenic component of the metal flux increase / metal flux increase, then: ACC = anthropogenic component of the metal concentration at station 2 = AC × metal concentration at station 2. These data are presented in Table III .
These ACC data (anthropogenic component of the metal concentration) at station 2 are used to evaluate the increment in environmental risk due to the mining operation.
Al, Fe, Pb and Cu are classified as noncarcinogenic substances but sufficient data is not available to derive their reference doses, so that for these contaminants it is not possible to estimate the hazard quotient for human health. However, their most important human toxicological effects can be remarked. The ambient water quality criterion for Pb is recommended to be the same as the existing drinking water standard, which is 50µg.L −1 . For Cu, there are the organoleptic data for controlling undesirable taste and odor quality of ambient water, the estimated limit level being 1 mg.L -1 . Of course, organoleptic data have no demonstrated relationship to potential adverse human health effects. Table I shows that the total concentrations of Cu and Pb levels in water from both areas are around 10 times smaller than the above limits. No adverse effects of environmental exposure to Fe and Al have been conclusively demonstrated. As and Cd not only have reference doses but also slope factors have been defined. Arsenic is a recognized human carcinogen, Class "A" while Cd is a probable human carcinogen, Class "B1". However, it is also important to evaluate the noncarcinogenic effects of contamination by these elements. For Mn, only noncarcinogenic effects can be evaluated, because it is classified as a Class D carcinogen, for which no slope factor is defined. Zn is considered noncarcinogenic and a RfD value is available. Table IV presents potential human health hazards and risk assessment by heavy metals exposure by ingestion of water from the background and contaminated sites. 1 HQ = hazard quotient (the ratio of a single substance exposure level over a specified time period to a reference dose for that substance derived from a similar exposure period); 2 HI = hazard index (the sum of more than one hazard quotient for multiple substances and/or multiple pathways).
effects, estimated for the background area (Station 1) is smaller than the unity, meaning no probable public health threat. However, for the contaminated area (Station 2), the HI estimated is higher than the unity. Thus, there may be concern for potencial human health effects. Manganese seems to be the principal component responsible for this, since its HQ is 0.91. The ingestion of water from station 2 (contaminated by mining), compared to the water of station 1, represents incremental risks of 130% and 59% respectively, considering the noncarcinogenic and the carcinogenic effects.
For the maximum protection of the human health from the potencial carcinogenic effects due to exposure of chemicals (e.g., Cd and As) in drinking water, the ambient water concentration should be zero, based on the non-threshold assumption for these chemicals. However, based on considerations of cost and technical feasability, lifetime risks of 10 -6 to 10 -4 are considered acceptable for carcinogens in drinking water (Federal Register 1980, Kocher and Hoffmann 1991) . Concluding, health risks increase due to contamination by noncarcinogenic (mainly Mn) and carcinogenic (mainly As) substances are caused by the increases in concentrations, by factors of around 3 and 1.5 respectively (Table IV and Table I ). The real increase may be greater because the dissolved concentrations of Mn and As increased more, by factors around 5.5 and 2, respectively. This may mean that the amounts which are probably of anthropic origin and are probably bio-available, increased by 80%, for Mn, and 50%, for As (Table III) .
CONCLUSIONS
Mining activity in CCM increase the total concentrations of Cu, Zn, As, Mn and Fe in the water of João Dias Creek. Al and Pb practically showed no important changes and Cd concentration decreased from station 1 (unpolluted site) to station 2, under mining influence. Besides these increases, mining operations and their releases, produces changes in metal partitioning. The main differences observed from station 1 to station 2, were the following: (i) Cu, Zn and Fe total, dissolved and particulate concentrations all increased but the percentage of these metals in dissolved form decreased; (ii) concentrations of As and Mn in all forms similarly increased but the fraction in dissolved form also increased.
Mining operations increases the natural metal fluxes, in both particulate and dissolved forms, in approximately 5,424 kg.week -1 , or about 60% of total metal flux, 1,542 kg.week -1 or about 49% of dissolved metal flux and 3,881 kg.week -1 or about 66% of particulate metal flux. Fe flux was responsible for the greatest contribution to the total metal flux from anthropic origin, followed by Cu >Zn > Mn. Cd, As and Pb showed negligible anthropogenic fluxes. Potential human health hazards and risk assessment by heavy metals daily intake of water from CCM showed a hazard index (HI) smaller than the unity for the background area, indicating the absence of any probable public health threat. However, for the contaminated area (Station 2), the HI estimated is higher than the unity, and thus, potencial human health effects must be of concern. Mn is the principal metal responsible for this effect. The ingestion of water from station 2 represents incremental risks of 130% and 59%, considering the noncarcinogenic and the carcinogenic effects, respectively. For the maximum protection of the human health from the potencial carcinogenic effects due to exposure of chemicals, especially Cd and As, in drinking water, the ambient water concentration should be zero, based on the non-threshold assumption for these chemicals. The potential human health hazards and risk assessment real increase may be greater than those related to the total concentrations, because the dissolved concentrations of Mn and As increased more, by factors of 5.5 and 2, respectively. 
